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Prunus dulcisBackground: In commercial almond [Prunus dulcis (Mill.) D.A. Webb] orchards in Chile, the percentage of fruit set
is low and commonly reaches 5–30%. As almond trees bloom during a cool period and also suffer from
self-incompatibility, any factor that can improve pollination, pollen germination and pollen tube growth or
extend the effective pollination period, such as the application of plant bioregulators (PBRs), should be
beneﬁcial for fruit production.
Results: Three plant bioregulators (PBRs): brassinolide (BL), gibberellic acid (GA3) and kinetin (KN) were
evaluated for pollen germination and pollen tube growth in vitro, as well as for fruit set in almond cultivars
Non Pareil and Carmel, in central Chile, during the 2013 and 2014 seasons. For pollen germination in vitro, the
BL concentration of 10 mg L-1 had the highest value in Non Pareil (97.7%), after 4 h germination in 2014
growing season (the control was 90.9%). KN at a concentration of 50 μL L-1 induced the longest pollen tube
growth of 1243.4 μm in Carmel after 8 h germination in 2013 (the control was 917.7 μm). In Non Pareil, the
highest percentage of fruit set (31.0%) was achieved in 2014 by spraying during bloom at pink bud stage with
KN at 50 μL L-1 (the control was 16.7%).
Conclusions: A signiﬁcant favorable effect of the tested PBRs was observed in pollen germination and pollen tube
growth in vitro, as well as on fruit set in Non Pareil and Carmel almonds.
© 2015 Pontiﬁcia Universidad Católica de Valparaíso. Production and hosting by Elsevier B.V. All rights reserved.1. IntroductionPollen germination and pollen tube growth are key events in the
sexual reproduction of plants [1]. Currently, it is accepted that both
fruit set and fruit development are regulated by the coordinated action
of hormones produced in the ovary after pollination or fertilization [2].
Pollination and subsequent fertilization lead to a strong shift in the
balance of phytohormones and development the ovule [3].
After anthesis and pollination, pollen development continues in
the stigma with rehydration, germination and pollen tube growth.
Both pollen germination and pollen tube growth are dependent on
gibberellins synthesized in situ [4]. Gibberellins have long been
recognized as endogenous hormones controlling stem elongation, root
and fruit growth, leaf shape, de-etiolation, ﬂowering and ﬂower
development [5]. The inﬂuence of gibberellins on pollen germination
and pollen tube growth has been veriﬁed by application to rice
ﬂowers (Oryza sativa) [6,7]. Exogenous applications of gibberellins
have also been reported to promote pollen germination and increase
pollen tube length in vitro in apricot (Prunus armeniaca) [8]. Huang(S. Maita).
idad Católica de Valparaíso.
araíso. Production and hosting by Elet al. [9] showed that gibberellin application completely restored the
fertility and morphology of gibberellin-deﬁcient mutant ﬂowers in
both Arabidopsis (Arabidopsis thaliana) and tomato (Lycopersicon
esculentum).
Brassinosteroids arenaturally-occurring plant hormones that regulate
growth and development in plants [10]. These hormones signiﬁcantly
promote both pollen germination and pollen tube growth [11]. Like
other plant hormones, brassinosteroids are involved in processes such
as division and cell elongation, synthesis of DNA, RNA and proteins,
growth and development of plant organs, senescence and stress
responses [12]. Vogler et al. [11] demonstrated that brassinosteroids
promoted both pollen germination and pollen tube growth in vitro in
A. thaliana. Also, brassinosteroids have been reported to enhance
pollen germination and pollen tube growth in Prunus avium, Camellia
japonica [13] and Prunus dulcis [14]. Brassinosteroids were also
effective for increasing pollen viability and reducing its loss under heat
stress, and improved both pollen germination in vivo and fruit set in
rice [10]. Fu et al. [15] in experiments on Cucumis sativus found that
brassinosteroids play a role in the early development of the fruit.
Cytokinins are plant hormones promoting cell division and
differentiation [16]. They regulate cell division, morphogenesis and
meristematic tissue activity, delaying the onset of senescence involved
in apical dominance. They have also been reported to inﬂuence thesevier B.V. All rights reserved.
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and demand, and organ assimilation [17]. Bolat and Pirlak [8] found
that the exogenous application of kinetin at low concentrations in
vitro improved pollen germination in apricot (P. armeniaca) cv.
Hasanbey, and signiﬁcantly improved pollen tube lengths in the
Hasanbey, Karacabey and Mahmudun Erigi cultivars. They also
reported that high concentrations of kinetin can inhibit pollen tube
growth. In some species, the application of cytokinins to ﬂowers
before fertilization, originates the beginning of fruit growth [18]. Also,
exogenous treatment with cytokinins delays ﬂower senescence in
several plant species [19]. As cytokinins regulate cell division, they are
associated with fruit cytokinesis. Moreover, a correlation between
levels of cytokinins and cell division activities has been observed in
tomato (L. esculentum) [18].
The almond (P. dulcis) is not only an early fruit in breaking dormancy,
but also shows the widest range of ﬂowering time among all deciduous
fruit trees and nut species [20]. The determination of fruit set has been
used in almond as a consistent indicator of the real productivity level
[21]. In commercial orchards, the percentage of fruit set is commonly
only 5–30% of the possible total [22]. Most almond cultivars are
self-incompatible, requiring orchards to have at least two cultivars
blooming synchronously to obtain adequate yields [23]. Pollination is
especially critical for fruit set in infertile species [24]. As almond trees
bloom during a cool period and also suffer from self-incompatibility, any
factor that can extend the effective pollination period, such as the
application of plant bioregulators (PBRs), should be beneﬁcial for fruit
production [14]. The establishment of yield models in apple and almond
show that fruit set is determined by the number of ﬂowers per tree and
the effective pollination period [25]. Pollen maturation and fertilization
are affected by environmental conditions such as light, temperature
and relative humidity. Consequently, unfavorable environmental
conditions can drastically reduce fertilization and fruit development.
The development processes of seeds and fruit are connected and
synchronized closely and are controlled by phytohormones [18].
PBRs are an important part of current agricultural technology. In
recent years, the biological efﬁciency and action mechanisms have been
studied. These PBRs have multifunctional effects and low toxicity,
characterized by having no negative impacts on the environment. Their
physiological effects include stimulation of growth, increasing the
resistance of plants to abiotic stress and diseases, and increased crop
yields [26]. In this study, the effects of three commercially available
PBRs were evaluated on pollen germination and pollen tube growth in
almond (P. dulcis) cvs. Non Pareil and Carmel in vitro, as well as on fruit
set when applied in the ﬁeld.
2. Materials and methods
The ﬁeld experiments and the collection of pollen, were done in an
almond orchard located in the area of Paine, Metropolitan Region of
Chile (latitude 33°46′21.3″ S–longitude 70°38′12.5″ W). The in vitro
experiments were done at the Deciduous Fruit Crops Laboratory of the
Pontiﬁcia Universidad Católica de Chile, San Joaquín Campus, in
Santiago.
2.1. Pollen collection
Flowers were collected in anthesis when the anthers were still
closed, from the almond cultivars Non Pareil and Carmel. The ﬂowers
were kept in perforated zip bags, put into a portable cooler, and
transported to the laboratory. Closed anthers from 100 ﬂowers were
extracted and placed on Petri dishes (90 mm diameter) and dried in
an incubation chamber (Velp Scientiﬁca, FTC 90E, Italy) at 24°C for
24 h, during which time the anthers opened and liberated pollen. The
extracted pollen and anthers were then kept in closed plastic
containers in a refrigerated chamber at -20°C and 60% relative humidity.2.2. Viability test using ﬂuorochromatic reaction
Pollen viability was evaluated using the ﬂuorochromatic reaction test
(FCR) with the application of ﬂuorescein diacetate (FDA) following the
method proposed by Heslop-Harrison and Heslop-Harrison [27] and
adapted by Li [28]. A BK buffer solution of S15 MOPS pH7.5 (Ca(NO3)2
4H2O, 30 mg L-1; MgSO4 7H2O, 20 mg L-1; KNO3, 10 mg L-1; MOPS,
10 mM and 15% sucrose) was prepared in distilled water and also a
stock solution of FDA with 2 mg of FDA per ml of acetone that was
maintained at -20°C in an Eppendorf tube. One microliter of the FDA
stock solution was added to 1 ml of the BK S15 MOPS pH 7.5 buffer
solution. A drop of the FDA-buffer solution was placed on a clean
microscope slide and almond pollen was added using a sterile
paintbrush, then a coverslip was placed on top. After 5 min the slide
was examined for ﬂuorescence under an optical microscope (Olympus
CX31, Japan) set at 10× with blue light (495 nm). The viable pollen
grains showed intense ﬂuorescence. Four replications were used for
each cultivar (each microscope slide was considered an experimental
unit), and 3 ﬁelds from each replication were photographed at random
(ProgRes®C3 camera with the program Capture-Pro v2.8.8) having a
ﬁnal total of 12 ﬁelds from each cultivar. One hundred pollen grains in
each ﬁeld were counted at random (with or without ﬂuorescence),
evaluating a total of 1200 grains per cultivar. To calculate the
percentage of pollen viability, the number of high ﬂuorescence-emitting
grains in each ﬁeld was divided by 100 and this quotient was
multiplied by 100.
2.3. Germination of pollen and growth of pollen tube in vitro
Three PBRs were applied for evaluation of on pollen in vitro and on
the almond tree cultivars Non Pareil and Carmel in the ﬁeld.
Brassinolide 0.1%, wettable powder (WP) with the active ingredient
24-epibrassinolide (chemical formula: 22R, 23R, 24R)-2α,3α,22,23-
tetrahydroxy-24-methyl-β-homo-7-oxa-5-cholestan-6-one.
ProGibb® 4%, soluble concentrate (SL), active ingredient
gibberellic acid 3.2% p/v, GA3, (chemical formula: 3S, 3aR, 4S, 4aS,
7S, 9aR, 9bR, 12S)-7, 12- dihydroxy-3-methyl-6-methylene-
oxoperhydro-4, 7-methano-9b, 3-propenoazuleno (1,2-b) furan-4-
carboxylic acid.
X-Cyte®, soluble concentrate (SL), whose active ingredient is
cytokinin, as kinetin, with a concentration of 0.04% p/v (chemical
formula: 6-furfurylamino-9H-purine).
Both the experiments in the ﬁeld and in vitro used the same three
PBRs: Brassinolide (BL), ProGibb® (GA3) and X-Cyte® (KN) at
concentrations of 10, 30 and 50 mg L-1, in the case of BL which is a
wettable powder, and 10, 30 and 50 μL L-1 in the cases of GA3 and KN
which are soluble concentrates. All of the concentrations used in this
study were commercial products.
To evaluate these PBRs on almond pollen germination and on the
growth of pollen tubes, an agar medium was prepared with 1% agar,
10% sucrose and 50 ppm of boric acid (H3BO3) (formula proposed by
Sutyemez [29] with modiﬁcation), plus the addition of the PBRs at
their different concentrations of commercial product. The media were
deposited in Petri dishes (50 mm diameter) and after solidiﬁcation,
pollen was scattered over them using a sterile paintbrush. Plates were
then placed in a dark incubation chamber (Velp Scientiﬁca, FTC 90E,
Italy) at 24°C [30] for 4 and 8 h. This experiment used a completely
randomized design with four replications, considering each Petri dish
as an experimental unit. The controls used agar medium prepared
with no PBRs.
The observations were done using an optical microscope (Olympus
CX31, Japan) with the objective at 4×. In each replication three ﬁelds
were photographed at random (ProgRes®C3 camera with the program
Capture-Pro v2.8.8) allowing clear observation of germination and
growth of the pollen tubes. The percentage of germination was
evaluated after 4 h and calculated with the number of germinated
Table 1
Percentage of pollen germination in vitro on Non Pareil and Carmel almond cultivars after
4 h, in the presence of plant bioregulators in the 2013 and 2014 growing seasons.
Treatments cv. Non Pareil cv. Carmel
2013 2014 2013 2014
Control 90.0 d 90.9 c 89.2 c 91.9 b
BL 10 mg L-1 95.3 a 97.7 a 95.5 ab 95.1 a
BL 30 mg L-1 92.4 cd 94.4 abc 92.6 bc 94.0 ab
BL 50 mg L-1 91.0 d 91.4 bc 90.4 c 93.6 ab
GA3 10 μL L-1 90.9 d 91.3 bc 92.4 bc 94.3 ab
GA3 30 μL L-1 92.6 bcd 95.2 abc 96.7 ab 94.8 ab
GA3 50 μL L-1 95.1 ab 96.6 ab 96.9 a 95.1 a
KN 10 μL L-1 90.7 d 92.8 abc 92.9 abc 92.8 ab
KN 30 μL L-1 92.0 cd 94.5 abc 93.3 abc 94.3 ab
KN 50 μL L-1 94.1 abc 95.9 abc 94.4 abc 94.7 ab
Means followed by the same letter are not statistically different according to the Tukey–
Kramer test (p ≤ 0.05).
Table 2
Pollen tube length in Non Pareil and Carmel almond cultivars after 8 h, in the presence of
plant bioregulators in the 2013 and 2014 growing seasons (values in μm).
Treatments cv. Non Pareil cv. Carmel
2013 2014 2013 2014
Control 937.1 f 945.0 h 917.7 e 921.3 g
BL 10 mg L-1 1067.4 b 1078.8 b 1117.0 c 1100.1 e
BL 30 mg L-1 1032.6 c 1043.0 d 1059.7 d 973.1 f
BL 50 mg L-1 963.9 e 971.6 f 921.3 e 964.0 f
GA3 10 μL L-1 977.0 e 971.7 f 1183.0 b 1144.6 d
GA3 30 μL L-1 1000.0 d 997.7 e 1199.4 b 1168.1 c
GA3 50 μL L-1 1100.6 a 1096.0 a 1226.6 ab 1183.5 b
KN 10 μL L-1 942.0 f 947.3 h 1198.4 b 1179.9 bc
KN 30 μL L-1 965.1 e 960.6 g 1212.5 ab 1186.2 b
KN 50 μL L-1 1056.8 b 1066.9 c 1243.4 a 1215.9 a
Means followed by the same letter are not statistically different according to the
Tukey-Kramer test (p ≤ 0.05).
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were considered germinated if the length of the pollen tube was
equal to or greater than the diameter of the pollen grain [31,30,32].
The length of the pollen tubes was measured using the computational
program Qcad Professional v 2.2.2.0 on the photos taken after 8 h of
incubation. The pollen tubes were selected and measured at random,
for a total of 300 tubes for each treatment, 25 for each photographed
ﬁeld.
2.4. Effect of the plant bioregulators on fruit set in almond
Twelve 10-year-old almonds trees (Non Pareil and Carmel), were
selected from alternating rows. From each tree, 10 uniform branches
were selected (experimental unit), for the treatments at the
phenological stage of pink bud [33] and 10 uniform branches were
also selected for treatment application at the phenological stage of
fallen petals [33]. The nine treatments and the control were applied to
the branches following a random block design. Treatments were
sprayed onto the ﬂowers using a hand pump in the months of August,
2013 and 2014. The controls were only sprayed with water. Before the
application, the number of ﬂowers was counted on each branch, and
at 60 days after full bloom, the number of fruit that had been set was
counted. The fruit set was converted to percentages for comparison
among the treatments using the following formula:
% Fruit Set ¼ N° of fruit set per branch at 60 DAFB
N° of flowers per branch
 100:
2.5. Statistic analysis
An analysis of variancewas done for all of the variables evaluated. In
the case of the quantitative discrete variables such as the percentage of





prior to analysis. The averages were
compared using Tukey–Kramer test at α = 0.05. SAS (SAS v.9.1.3)
software was used for the statistical analysis.
3. Results
3.1. Viability test using ﬂuorochromatic reaction
The pollen viability test using the ﬂuorochromatic reaction
procedure (FCR), was done in 2013 and 2014 seasons using pollen
from Non Pareil and Carmel almond cultivars. The ﬂuorochromatic
reaction was evaluated in 1200 pollen grains from each cultivar. In the
case of Non Pareil, the percentages of grains that showed intense
ﬂuorescence, and were thus considered viable, were 86.5 and 91.8%, in
2013 and 2014, respectively. In Carmel, the percentages of grains
with intense ﬂuorescence were 92.3 and 93.5% in 2013 and 2014
respectively.
3.2. Pollen germination and pollen tube growth in vitro in the presence of
plant bioregulators
The effects of the PBRs on pollen germination were measured at 4 h
after placement on the germination media containing the PBRs at the
previously mentioned concentrations. The results are shown in Table 1.
In the Non Pareil cultivar, a statistically signiﬁcant effect of the
PBRs was observed in both seasons (2013 and 2014) (p b 0.0001
and p b 0.0009). For Brassinolide (BL) the lowest concentration
(10 mg L-1) had the highest percentage of germination with 95.3 and
97.7% respectively in the 2013 and 2014 seasons. For ProGibb® (GA3),
the highest concentration (50 μL L-1) showed the best effect, reaching
95.1 and 96.6% germination in 2013 and 2014, respectively. X-Cyte®
(KN) was similar to GA3, in that the highest concentration showed thebest effect, with 94.1 and 95.9% germination, in 2013 and 2014,
respectively. The averages from the controls were 90.0 and 90.9%
germination in 2013 and 2014.
The effect of PBRs onCarmel pollenwas statistically signiﬁcant in both
years (p b 0.0001 and p b 0.0184). GA3 at the highest concentration
(50 μL L-1) showed the highest germination with 96.9 and 95.1%
respectively, in 2013 and 2014. BL at the lowest concentration
(10 mg L-1) showed the greatest effect on pollen germination with 95.5
and 95.1%, in 2013 and 2014, respectively. KN showed the highest
germination percentages at the highest concentration of 50 μL L-1
with 94.4 and 94.7%, in 2013 and 2014, respectively. The averages of
the controls in Carmel were 89.2 and 91.9% in 2013 and 2014,
respectively.
The length of the pollen tube was measured at 8 h after placement
on the germination media. The length of the tube varied signiﬁcantly
due to the presence of the PBRs (p b 0.0001 in both cultivars and 2013
and 2014 seasons). The results are shown in Table 2.
In cv. Non Pareil, GA3 showed the greatest pollen tube length, at the
highest concentration (50 μL L-1), with 1100.6 and 1096.0 μm, in the
2013 and 2014 seasons, respectively. At the lowest concentration, BL
induced longer pollen tube lengths with 1067.4 and 1078.8 μm, in
2013 and 2014, respectively. KN at the highest concentration showed
longer pollen tube lengths with 1056.8 and 1066.9 μm, in 2013 and
2014, respectively. Pollen tube length in the controls was 937.1 and
945.0 μm, in the years 2013 and 2014, respectively.
In cv. Carmel, KN at the highest concentration (50 μL L-1) got the
greatest pollen tube length with 1243.4 and 1215.9 μm in 2013 and
2014 seasons, respectively. GA3 at the highest concentration
(50 μL L-1) reached 1226.6 and 1183.5 μm in the 2013 and 2014
seasons, respectively. BL at the lowest concentration (10 μL L-1)
reached important lengths with 1117.0 and 1100.1 μm in both
seasons. All these values were signiﬁcantly higher than the controls.
Table 3
Percentage of fruit set in Non Pareil almond cultivar at 60 days after full bloom,with plant
bioregulators treatments at two phenological stages (2013 and 2014).
Treatments Pink Bud Fallen Petals
2013 2014 2013 2014
Control 17.1 d 16.7 d 15.6 c 16.5 c
BL 10 mg L-1 24.6 ab 22.3 bcd 21.7 abc 22.6 ab
BL 30 mg L-1 22.5 abcd 19.2 cd 19.5 abc 20.4 abc
BL 50 mg L-1 22.1 abcd 18.9 cd 17.8 bc 16.7 bc
GA3 10 μL L-1 23.7 ab 26.2 ab 19.8 abc 22.5 abc
GA3 30 μL L-1 27.1 a 28.0 ab 26.2 a 22.7 ab
GA3 50 μL L-1 18.0 cd 22.7 bcd 20.6 abc 19.8 abc
KN 10 μL L-1 20.1 bcd 22.7 bcd 22.1 ab 19.8 abc
KN 30 μL L-1 23.5 abc 24.8 abc 23.7 ab 25.6 a
KN 50 μL L-1 25.8 ab 31.0 a 22.1 ab 24.0 a
Means followed by the same letter are not statistically different according to the Tukey–
Kramer test (p ≤ 0.05).
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and 2014 seasons, respectively.
3.3. Evaluation of plant bioregulators on fruit set in almond trees
Three PBRs were sprayed on the ﬂowers of Non Pareil and Carmel
almond trees in August of 2013 and August of 2014 at the
phenological stages of pink bud and fallen petals. The results obtained
with the application of the PBRs 60 days after full bloom are shown in
Table 3 and Table 4.
The application of the PBRs on Non Pareil showed statistically
signiﬁcant differences at the two phenological stages in both seasons
(p b 0.0001) (Table 3).
GA3 (30 μL L-1) showed the highest percentage of fruit set in the
2013 season, at both phenological stages with 27.1% at pink bud and
26.2% at fallen petals. KN reached important values at concentrations
of 30 and 50 μL L-1 at the two phenological stages in 2013, with 23.5
and 25.8% of fruit set at pink bud and 23.7 and 22.1% of fruit set at
fallen petals, respectively. BL (10 μL L-1) improved fruit set at pink bud
with 24.6% of fruit set and 21.7% of fruit set at the stage of fallen
petals. The control values were 17.1 and 15.6% of fruit set at pink bud
and fallen petals, respectively, in the same season.
In the 2014 season, in Non Pareil, KN at the concentrations of 30 and
50 μL L-1 signiﬁcantly improved fruit set. KN in concentration 50 μL L-1
reached the highest percentage of fruit set with 31.0% at pink bud
stage. At the fallen petals stage KN in concentration 30 μL L-1 obtained
the better value with 25.6% of fruit set. GA3 (30 μL L-1) also showed a
positive effect on fruit set, with 28.0 and 22.7% at pink bud and fallen
petals stages, respectively. BL (10 μL L-1) enhanced fruit set at pink
bud stage with 22.3% of fruit set and 22.6% of fruit set at fallen petals
stage. The control values were 16.7 and 16.5% of fruit set at pink bud
and fallen petals respectively in the 2014 season.Table 4
Percentage of fruit set in Carmel almond cultivar at 60 days after full bloom, with plant
bioregulators treatments at two phenological stages (2013 and 2014).
Treatments Pink bud Fallen petals
2013 2014 2013 2014
Control 11.8 b 12.2 b 13.8 c 13.1 b
BL 10 mg L-1 19.5 a 20.4 a 20.0 ab 20.1 a
BL 30 mg L-1 17.7 a 15.6 ab 15.2 abc 16.4 ab
BL 50 mg L-1 15.2 ab 14.1 b 14.0 bc 13.7 b
GA3 10 μL L-1 17.6 a 16.6 ab 15.5 abc 17.2 ab
GA3 30 μL L-1 19.4 a 17.5 abs 18.6 abc 19.7 a
GA3 50 μL L-1 15.4 ab 13.0 b 16.4 abc 17.8 ab
KN 10 μL L-1 17.2 ab 14.4 b 15.3 abc 15.6 ab
KN 30 μL L-1 19.8 a 20.3 a 21.0 a 20.4 a
KN 50 μL L-1 18.2 a 20.2 a 20.6 a 20.0 a
Means followed by the same letter are not statistically different according to the Tukey–
Kramer test (p ≤ 0.05).For the Carmel cultivar, the results of fruit set show statistically
signiﬁcant differences between treatments with application of PBRs
during the 2013 and 2014 growing seasons at both phenological
stages of pink bud and fallen petals (p b 0.0001) (Table 4).
In the 2013 season, the application of KN at concentration of
30 μL L-1 had the best effect on fruit set, with 19.8 and 21.0% of fruit
set at the phenological stages of pink bud and fallen petals,
respectively. BL at a concentration of 10 mg L-1 improved fruit set,
reaching 19.5 and 20.0% at the stages of pink bud and fallen petals,
respectively. GA3 applied at a concentration of 30 μL L-1 got 19.4 and
18.6% at the stages of pink bud and fallen petals, respectively. Control
values were 11.8% at pink bud and 13.8% at fallen petals in the 2013
season.
In the 2014 season, BL at a concentration of 10 mg L-1 showed the
highest percentage of fruit set in cv. Carmel with 20.4% at pink bud
stage and 20.1% at fallen petals. KN at a concentration of 30 μL L-1
likewise had a high percentage of fruit set with 20.4% at fallen petals
stage and 20.3% at pink bud stage. KN at concentration of 50 μL L-1
showed values statistically equivalent to treatments previously
analyzed, with 20.2 and 20.0% at pink bud and fallen petals,
respectively. GA3 (30 μL L-1) obtained values statistically equivalent to
previous results with 17.5 and 19.7% of fruit set at pink bud and fallen
petals, respectively. Control values were 12.2 and 13.1% at pink bud
and fallen petals, respectively in the 2014 season.
4. Discussion
4.1. Viability test using ﬂuorochromatic reaction
The results obtained in the evaluation of pollen viability of Non Pareil
and Carmel almond cultivars in vitro using the ﬂuorochromatic reaction
test (FCR) with ﬂuorescein diacetate (DAF) in two years (2013–2014),
show high reliability compared with the in vitro germination test for
P. dulcis in the Non Pareil and Carmel cultivars. It is both easier and
faster than the germination test [34,35]. The percentage of viability
obtained with the FCR test, in the case of cv. Non Pareil, is high and
similar to the results of Bayazit et al. [36] and higher than Bazayit et
al. [24]. In the case of cv. Carmel the viability percentage was also
high. There are no reports of pollen viability using FCR testing in cv.
Carmel. These results indicate that the pollen quality of these two
almond cultivars is high.
4.2. Pollen germination and pollen tube growth in vitro in the presence of
plant bioregulators
Statistically signiﬁcant differences are observed in pollen
germination and pollen tube growth. The results of the evaluation of
these two variables demonstrate clear trends in both seasons. BL at
low concentrations had the best response and GA3 and KN at high
concentrations signiﬁcantly improved the percentage of germination
as well as pollen tube lengths.
In the cv. Non Pareil, BL at 10mg L-1 reaches the highest germination
percentage (Table 1). There are no reported studies using BL, GA3 and
KN in Non Pareil almond pollen. In other species, such as A. thaliana,
the addition of 10 and 20 μM of BL in the pollen germination media
showed a beneﬁcial effect for pollen germination, while for pollen
tube growth, 10 μM of BL was beneﬁcial. Therefore, 10 μM of BL is
recommended to optimize the conditions of in vitro growth and
improve pollen germination rates of A. thaliana [11], similar to the
results of this study with Non Pareil almond pollen. Bolat and Pirlak
[8] reported that for GA3 used in the germination of apricot pollen, the
maximum beneﬁcial effects were observed with concentrations
between 0.05 and 0.5 ppm (81.45%) depending on the cultivar
(the control was 49.93%). In addition, they found that KN at low
concentrations signiﬁcantly improved the percent of germination in
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56.36%).
With regard to the length of the pollen tube, in Non Pareil, GA3 at
50 μL L-1 resulted in greater lengths (Table 2). No previous studies
were found using BL, GA3 and KN in Non Pareil almond pollen in vitro.
There is evidence that BL improved pollen tube growth in P. avium,
surpassing the control [13]. In experiments on A. thaliana, Singh et al.
[37] provided genetic evidence for gibberellins promoting growth of
pollen tubes in these plants. The development of anthers and pollen
tube growth require gibberellins, however, superoptimal levels of
gibberellins are also inhibitory. Wu et al. [1] in experiments on Torenia
fournieri pollen found that GA3 stimulated pollen tube growth in vitro
and signiﬁcantly increased the quantity of pollinated styles. These
results suggest that GA3 plays an essential role in pollen tube growth
and pollen–pistil interactions in T. fournieri. Gibberellins have a high
impact on pollen viability and pollen tube growth [38].
In Carmel, GA3 at 50 μL L-1 reached the highest germination
percentage (Table 1). These values share the same range with the
percentages obtained with BL within the same periods. These results
agree with those reported by Sotomayor et al. [14] indicating that the
highest percentages of Carmel almond pollen germination in vitro,
after 4 h, were observed with BL and GA3 that were signiﬁcantly
higher than the control. The percentages obtained by Sotomayor et al.
[14] were 58.0% with BL and 58.4% with GA3. It is possible that these
results differ from those obtained in this experiment due to the pollen
quality.
In pollen tube length for Carmel, KN at 50 μL L-1 achieved greater
lengths (Table 2). These values are extremely superior to those
obtained by Sotomayor et al. [14] that used the same X-Cyte plant
bioregulator (KN), probably due to the high concentrations used.
However, they agree with those found in apricot (P. armeniaca),
where low concentrations of KN signiﬁcantly improved pollen tube
growth, yet high concentrations inhibited pollen tube growth [8]. Wu
et al. [1] after conducting experiments with Zeatin (Zt), a cytokinin,
found that there was no apparent effect on pollen germination and
pollen tube growth in vitro in T. fournieri.
4.3. Evaluation of plant bioregulators on fruit set in almond trees
The application of PBRs improves fruit set in NonPareil and Carmel
almonds when applied at the pink bud and fallen petals phenological
stages during the 2013 and 2014 seasons.
In Non Pareil, all treatments outperformed the control (Table 3). It
should be noted that the effect of GA3 at 30 μL L-1 in 2013 reached a
percentage of 27.1% of fruit set when it was sprayed at the
phenological stage of pink bud and 26.2% when it was sprayed at
fallen petals phenological stage. These results are similar to those
obtained by Sotomayor [39] with the application of GA3 in the
concentration of 50 ppm applied at full bloom in cv. Non Pareil and
agree with those reported by Joolka et al. [40] where maximum fruit
retention in Non Pareil was observed with GA3 at a concentration of
200 ppm. In the 2014 season, KN at 50 μL L-1 during pink bud and
30 μL L-1 during fallen petals reached 31.0 and 25.6% of fruit set,
respectively, being signiﬁcantly higher than the control. No other
studies of PBRs applied to Non Pareil almond trees have been
reported, to date. In other species, such as O. sativa the application of
BL signiﬁcantly improved seed formation [10].
In Carmel, all treatments exceeded the control in both phenological
stages, in the two seasons (Table 4). KN at 30 μL L-1 achieved the
greatest percentage of fruit set in the year 2013 with 19.8 and 21.0% of
fruit set in both phenological stages respectively. In 2014, BL at
10 μL L-1 and KN at 30 μL L-1 showed the highest percentages of fruit
set with 20.4% of fruit set at both phenological stages. Treatments that
were statistically equal included KN at 30 and 50 μL L-1, BL at
10 mg L-1 and GA3 at 30 μL L-1, in both phenological stages. These
results partially agree with those obtained by Sotomayor et al. [14]who found improved fruit set in Carmel almonds with application of
BL (Brassinosteroid 0.2%) at 0.1 g L-1, with 46.1% of fruit set while the
control was 38.6%. In this same experiment X-Cyte (KN) and GA3 were
also applied, obtaining fruit set values lower than the controls,
possibly due to the high concentrations used.
5. Conclusion
The evaluation of pollen viability of Non Pareil and Carmel almonds
in vitro using the ﬂuorochromatic reaction (FCR) with ﬂuorescein
diacetate (DAF) is a fast and reliable method. The pollen from the Non
Pareil and Carmel almond cultivars used in this study can be
considered of high quality.
It is evident that these PBRs had signiﬁcant effects on pollen
germination and pollen tube length in Non Pareil and Carmel almond
(P. dulcis) pollen. Fruit set was signiﬁcantly affected by the action of
these PBRs. The greatest percentages of fruit set with the application
of PBRs in this study are considered high for Chile, where the average
percent of fruit set is approximately 15%.
Signiﬁcant effects were not observed between the two phenological
stages of ﬂowering selected for the application of PBRs during the 2013
and 2014 seasons in both cultivars.
Conﬂict of interest
The authors declare that they have no conﬂict of interest.
Financial support
To the Government of the Republic of Ecuador, for ﬁnancingmy PhD,
scholarship granted by National Secretary of Higher Education, Science,
Technology and Innovation.
Acknowledgments
To Agricola Pomes Andrade y Cia. Ltda. for ﬁeld support in the
development of this research.
References
[1] Wu J, Qin Y, Zhao J. Pollen tube growth is affected by exogenous hormones and cor-
related with hormone changes in styles in Torenia fournieri L. J Plant Growth Regul
2008;55:137–48. http://dx.doi.org/10.1007/s10725-008-9268-5.
[2] Mariotti L, Picciarelli P, Lombardi L, Ceccarelli N. Fruit set and early fruit growth in
tomato are associated with increases in indoleacetic acid, cytokinin, and bioactive
gibberellin contents. J Plant Growth Regul 2011;30:405–15.
http://dx.doi.org/10.1007/s00344-011-9204-1.
[3] Obroucheva N. Hormonal regulation during plant fruit development. Russ J Dev Biol
2014;45:11–21. http://dx.doi.org/10.1134/S1062360414010068.
[4] Plackett A, Thomas S, Wilson Z, Hedden P. Gibberellin control of stamen develop-
ment: a fertile ﬁeld. Trends Plant Sci 2011;16:568–78.
http://dx.doi.org/10.1016/j.tplants.2011.06.007.
[5] Swain S, Singh D. Tall tales from sly dwarves: novel functions of gibberellins in plant
development. Trends Plant Sci 2005;10:123–9.
http://dx.doi.org/10.1016/j.tplants.2005.01.007.
[6] Chhun T, Aya K, Asano K, Yamamoto E, Morinaka Y, Watanabe M, et al. Gibberellin
regulates pollen viability and pollen tube growth in rice. Plant Cell 2007;19:
3876–88. http://dx.doi.org/10.1105/tpc.107.054759.
[7] Zhang C, Tateishi N, Tanabe K. Pollen density on the stigma affects endogenous gib-
berellin metabolism, seed and fruit set, and fruit quality in Pyrus pyrifolia. J Exp Bot
2010;61:4291–302. http://dx.doi.org/10.1093/jxb/erq232.
[8] Bolat I, Pirlak L. Effects of some chemical substances on pollen germination and tube
growth in apricot. Acta Horticult 1999;488:341–4.
http://dx.doi.org/10.17660/ActaHortic.1999.488.53.
[9] Huang S, Cerny R, Qi Y, Bhat D, Aydt C, Hanson D, et al. Transgenic studies on the in-
volvement of cytokinin and gibberellin in male development. Plant Physiol 2003;
131:1270–82. http://dx.doi.org/10.1104/pp.102.018598.
[10] Thussagunpanit J, Jutamanee K, Kaveeta L, Chai-arree W, Pankean P, Suksamrarn A.
Effects of a brassinosteroid and an ecdysone analogue on pollen germination of rice
under heat stress. J Pestic Sci 2013;38:105–11.
http://dx.doi.org/10.1584/jpestics.D13-029.
[11] Vogler F, Schmalzl C, Englhart M, Bircheneder M, Sprunck S. Brassinosteroids pro-
mote Arabidopsis pollen germination and growth. Plant Reprod 2014;27:153–67.
http://dx.doi.org/10.1007/s00497-014-0247-x.
386 S. Maita, C. Sotomayor / Electronic Journal of Biotechnology 18 (2015) 381–386[12] Wang Z, Zheng P, Meng J, Xi Z. Effect of exogenous 24-epibrassinolide on chlorophyll
ﬂuorescence, leaf surface morphology and cellular ultrastructure of grape seedlings
(Vitis vinifera L.) under water stress. Acta Physiol Plant 2015;37:1729.
http://dx.doi.org/10.1007/s11738-014-1729-z.
[13] Hewitt F, Hough T, O'Neill P, Sasse J, Williams E, Rowan K. Effect of brassinolide and
other growth regulators on the germination and growth of pollen tubes of Prunus
avium using a multiple hanging-drop assay. Aust J Plant Physiol 1985;12:201–11.
http://dx.doi.org/10.1071/PP9850201.
[14] Sotomayor C, Castro J, Velasco N, Toro R. Inﬂuence of seven growth regulators on
fruit set, pollen germination and pollen tube growth of almonds. J Agric Sci Technol
B 2012;2:1051–6.
[15] Fu F, MaoW, Shi K, Zhou Y, Asami T, Yu J. A role of brassinosteroids in early fruit de-
velopment in cucumber. J Exp Bot 2008;59:2299–308.
http://dx.doi.org/10.1093/jxb/ern093.
[16] Mok D, Mok M. Cytokinin metabolis and action. Annu Rev Plant Physiol Plant Mol
Biol 2001;52:89–118. http://dx.doi.org/10.1146/annurev.arplant.52.1.89.
[17] Zalabák D, Pospíšilová H, Šmehilová M, Mrízová K, Frébort I, Galuszka P. Genetic
engineering of cytokininmetabolism: prospective way to improve agricultural traits
of crop plants. Biotechnol Adv 2013;31:97–117.
http://dx.doi.org/10.1016/j.biotechadv.2011.12.003.
[18] Pandolﬁni T. Seedless fruit production by hormonal regulation of fruit set. Nutrients
2009;1:168–77. http://dx.doi.org/10.3390/nu1020168.
[19] Trivellini A, Cocetta G, Vernieri P, Mensuali-Sodi A, Ferrante A. Effect of cytokinins on
delaying petunia ﬂower senescence: a transcriptome study approach. Plant Mol Biol
2015;87:169–80. http://dx.doi.org/10.1007/s11103-014-0268-8.
[20] Sánchez-Pérez R, Del Cueto J, Dicenta F, Martínez-Gómez P. Recent advancements to
study ﬂowering time in almond and other Prunus species. Front Plant Sci 2014;5:
334. http://dx.doi.org/10.3389/fpls.2014.00334.
[21] Socias R, Alonso J, Gomez J. Fruit set and productivity in almond as related to self-
compatibility, ﬂower morphology and bud density. J Hortic Sci Biotechnol 2004;
79:754–8.
[22] Vezvaei A, Jackson J. Effect of pollen parent and stages of ﬂower development on
almond nut production. Aust J Exp Agric 1995;35:109–13.
http://dx.doi.org/10.1071/EA9950109.
[23] Dicenta F, Ortega E, Cánovas J, Egea J. Self-pollination vs. cross-pollination in
almond: pollen tube growth, fruit set and fruit characteristics. Plant Breed 2002;
121:163–7.
[24] Bayazit S, Imrak B, Çalişkan O. Determination of pollen production and quality attri-
butes of some almond cultivars (Prunus dulcis) and select wild almond (Amygdalus
orientalis) genotypes. Int J Agric Biol 2012;14:425–9.[25] Sanzol J, Herrero M. The “effective pollination period” in fruit trees. Sci Hortic 2001;
90:1–17. http://dx.doi.org/10.1016/S0304-4238(00)00252-1.
[26] Yakhin O, Lubyanov A, Yakhin I. Changes in cytokinin, auxin and abscisic acid
contents in wheat seedlings treated with the growth regulator Stifun. Russ J Plant
Physiol 2012;59:398–405. http://dx.doi.org/10.1134/S1021443712030193.
[27] Heslop-Harrison J, Heslop-Harrison Y. Evaluation of pollen viability by enzymatically
induced ﬂuorescence; intracellular hydrolysis of ﬂuorescein diacetate. Stain Technol
1970;45:115–20.
[28] Li X. Pollen fertility/viability assay using FDA staining. Bio-protocol 2011;1:e75
[[cited 25 July 2013]. Available from Internet: http://www.bio-protocol.org/e75].
[29] Sutyemez M. Pollen quality and pollen production in some almond cultivars under
Kaharamanmaras (Turkey) ecological conditions. Afr J Agric Res 2011;6:3078–83.
[30] Martínez-Gómez P, Gradziel T, Ortega E, Dicenta F. Low temperature storage of
almond pollen. Hortscience 2002;37:691–2.
[31] Andres M, Rodriguez J, Duran J. Pollen viability of apricot. Investig Agrar Prod Prot
Veg 1999;14:25–32.
[32] Ćalić D, Devrnja N, Kostić I, Kostić M. Pollen morphology, viability, and germination
of Prunus domestica cv. Požegača. Sci Hortic 2013;155:118–22.
http://dx.doi.org/10.1016/j.scienta.2013.03.017.
[33] Yi W, Law S, Mccoy D, Wetzstein H. Stigma development and receptivity in almond
(Prunus dulcis). Ann Bot 2006;97:57–63. http://dx.doi.org/10.1093/aob/mcj013.
[34] Dafni A, Firmage D. Pollen viability and longevity: practical, ecological and evolu-
tionary implications. Plant Syst Evol 2000;222:113–32.
http://dx.doi.org/10.1007/BF00984098.
[35] Rejón J, Suárez C, Alché J, Castro A, Rodríguez-García M. Evaluación de diferentes
métodos para estimar la calidad del polen en distintos cultivares de olivo (Olea
europea L.). Polen 2010;20:61–72.
[36] Bayazit S, Califkan O, Imrak B. Comparison of pollen production and quality charac-
teristics of cultivated and wild almond species. Chile J Agric Res 2011;71:536–41.
http://dx.doi.org/10.4067/S0718-58392011000400006.
[37] Singh D, Jermakow A, Swain S. Gibberellins are required for seed development and
pollen tube growth in Arabidopsis. Plant Cell 2002;14:3133–47.
http://dx.doi.org/10.1105/tpc.003046.
[38] Ye Q, Zhu W, Li L, Zhang S, Yin Y, Ma H, et al. Brassinosteroids control male fertility
by regulating the expression of key genes involved in Arabidopsis anther and pollen
development. PNAS 2010;107:6100–5. http://dx.doi.org/10.1073/pnas.0912333107.
[39] Sotomayor C. Improvement of fruit set in almonds using some growth regulators.
Cienc Invest Agrar 1996;23:11–8.
[40] Joolka N, Bushehri T, Bhutani V. Effect of growth regulators, urea and tree spray oil
on bloom delay and productivity of almonds. Indian J Hortic 1991;48:217–21.
